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ABSTRACT 

There is a close relationship between histone 
acetylation and ATP-dependent chromatin remodel- 
ing that is not fully understood. We show that acetyl- 
ation of histone H3 tails affects SWI/SNF (mating 
type switching/ sucrose non fermenting) and RSC 
(remodels structure of chromatin) remodeling in 
several distinct ways. Acetylation of the histone H3 
N-terminal tail facilitated recruitment and nucleo- 
some mobilization by the ATP-dependent chromatin 
remodelers SWI/SNF and RSC. Tetra-acetylated H3, 
but not tetra-acetylated H4 tails, increased the 
affinity of RSC and SWI/SNF for nucleosomes 
while also changing the subunits of SWI/SNF that 
interact with the H3 tail. The enhanced recruitment 
of SWI/SNF due to H3 acetylation is bromodomain 
dependent, but is not further enhanced by additional 
bromodomains found in RSC. The combined effect 
of H3 acetylation and transcription activators is 
greater than either separately which suggests they 
act in parallel to recruit SWI/SNF. Besides enhan- 
cing recruitment, H3 acetylation increased nucleo- 
some mobilization and H2A/H2B displacement by 
RSC and SWI/SNF in a bromodomain dependent 
manner and to a lesser extent enhanced ATP 
hydrolysis independent of bromodomains. H3 and 
H4 acetylation did not stimulate disassembly of 
adjacent nucleosomes in short arrays by SWI/SNF 
or RSC. These data illustrate how histone acetyl- 
ation modulates RSC and SWI/SNF function, and 



provide a mechanistic insight into their collaborative 
efforts to remodel chromatin. 

INTRODUCTION 

SWI/SNF and the related RSC complex in Saccharomyces 
cerevisiae use DNA-dependent ATP hydrolysis and DNA 
translocation to remodel chromatin with a variety of dif- 
ferent outcomes, such as translational repositioning of 
histone octamers along DNA (1), H2A/H2B dimer 
eviction, or complete nucleosome disassembly (2-4). 
Despite their similar biochemical properties, RSC and 
SWI/SNF exhibit significant differences inside the cell 

(5) . RSC is ~10 times more abundant than SWI/SNF 
with two distinct forms containing either Rscl or Rsc2 

(6) and most of the subunits in RSC are essential for via- 
bility (7,8). While RSC controls transcription by RNA 
polymerases (RNA pol) I, II and III (9), SWI/SNF regu- 
lates only RNA pol II transcription. Both these remodel- 
ers control non-overlapping sets of mRNA genes (10-12). 
SWI/SNF has no apparent role in cell-cycle control, but 
RSC is involved in kinetochore function and sister chro- 
matid cohesion (13,14). RSC contributes to both types of 
double-strand break (DSB) repair, but SWI/SNF plays a 
role in only homologous recombination (HR) based DSB 
repair and not in non-homologous end joining (NHEJ) 
(15,16). Even in HR based DSB repair SWI/SNF and 
RSC are associated with distinct steps (17,18). RSC plays 
an early role in DSB sensing and is also required later 
during donor DNA and recipient synapsis. SWI/SNF has 
an early role in DSB repair by HR and is required at the 
strand invasion step. 

All the SWI/SNF homologs contain a ~70 amino acid 
domain called the bromodomain that recognizes 
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acetylated lysines. SWI/SNF contains a single bromo- 
domain in the Swi2/Snf2 catalytic subunit and 8 out of 
the 15 bromodomains found in yeast are in RSC. The 
presence of bromodomains in RSC and SWI/SNF 
suggests a functional connection between acetylation and 
these complexes. Consistent with this idea, histone acetyl- 
ation precedes SWI/SNF recruitment and/or remodeling 
in the activation of the human P-interferon gene (19), 
PH08 (20), and genes regulated by the RAR/RXR 
heterodimers (21). At the human al antitrypsin 
promoter, hBrm, homolog of Snf2, and two histone 
acetyl transferase (HAT) complexes, CBP and P/CAF, 
are recruited simultaneously after preinitiation complex 
assembly to stimulate transcription (22). There is also 
genetic data supporting interactions between SWI/SNF 
and histone acetylation. Combining mutations in the 
subunits of SWI/SNF and the HAT complex SAGA 
resulted in strong synthetic phenotypes (23,24). Similar 
synthetic phenotypes were obtained when combining mu- 
tations in RSC subunits Rscl or Rsc2 with SAGA subunit 
Gcn5, demonstrating an important relationship between 
these complexes (6). 

Although SWI/SNF and HATs functionally interact, 
how this interaction facilitates chromatin remodeling 
remains poorly understood. There have been some 
attempts to study how histone acetylation directly affects 
ATP-dependent chromatin remodeling. However the in- 
terpretation of these studies, in general, has been 
complicated by the lack of substrate specificity of HATs, 
variable extents of acetylation, and with the HAT complex 
potentially interacting with the ATP-dependent chromatin 
remodeler (25-28). In this study we examined if H3 and 
H4 histone tail acetylation only impacts remodeler target- 
ing or does it also affect nucleosome movement and/or 
disassembly independent of the remodeler's binding 
ability. We have included three different SWI/SNF 
complexes containing six, one or no bromodomains to 
determine if RSC has any strategic advantage over SWI/ 
SNF when it comes to recruitment or remodeling of 
acetylated chromatin. We have used native chemical 
ligation for the synthesis of histones H3 and H4 with uni- 
formly acetylated N-terminal tails to avoid the drawbacks 
of enzymatic modification (29). Using these chemically 
acetylated nucleosomes our studies have revealed that 
H3 and not H4 tail acetylation modulates the activity of 
SWI/SNF and RSC at multiple steps in the remodeling 
process. Furthermore, H3 tail acetylation has a greater 
impact on nucleosome movement and H2A/H2B displace- 
ment by RSC than SWI/SNF. The higher responsiveness 
of RSC to histone acetylation than SWI/SNF can provide 
additional regulatory mechanisms for RSC which might 
ultimately account for their different functional roles 
inside the cell. 

MATERIALS AND METHODS 

Purification of RSC, SWI/SNF, ABr SWI/SNF, Piccolo 
and Ada2 subcomplexes, Gal4-VP16 and histones 

RSC was purified from C-terminally TAP-tagged Rsc2 
expressing S. cerevisiae strain YLR357W (Open 



Biosystems) by tandem affinity purification (TAP) (30). 
SWI/SNF was purified by FLAG affinity purification 
from the S. cerevisiae strain YBB001 expressing 
C-terminally FLAG tagged Snf6 and HA-Y5-6x His 
tagged Swi3 as described (31). ABr SWI/SNF was analo- 
gously purified from the S. cerevisiae strain YBB002 con- 
taining Snf6 tagged at the C-terminus with FLAG epitope. 
The C-terminus of Swi2/Snf2 was truncated from residue 
1547-1703 and tagged with V5 and 6x His. The Piccolo 
NuA4 and Gcn5/Ada2/Ada3 subcomplexes used for en- 
zymatic acetylation of nucleosomes were prepared as 
described previously (32). Gal4-VP16 was overexpressed 
in Escherichia coli Xa-90 and purified as described (31). 
Wild type Xenopus laevis core histone proteins and mutant 
histones with cysteine 1 10 replaced with alanine in H3 and 
serine 53 replaced with cysteine in H2B were 
overexpressed, purified and refolded into octamers as 
described (33). 

Native peptide ligation and acetylated octamer refolding 

Tetra-acetylated H3 (K9, 14, 18, 23Ac) and H4 (K5, 8, 12, 
16Ac) histones were prepared using a native peptide 
ligation method as described (34,35). Histone H3 or H4 
N-terminal peptides (1-24 or —22 amino acid) containing 
covalently modified acetylated lysine residues at desired 
locations and a C-terminal thioester moiety were 
generated by solid phase peptide synthesis. The rest of 
the histone H3 or H4 protein encompassing the globular 
core and the C-terminal tail was prepared with an 
N-terminal cysteine residue by recombinant protein ex- 
pression in E. coli. Native ligation chemistry was used to 
fuse the two protein fragments followed by purification of 
the full-length modified histones by ion-exchange and 
reverse phase chromatography and refolding them with 
other histones to generate the tetra-acetylated H3 and 
H4 octamers and purified by gel filtration 
chromatography. 

DNA synthesis and nucleosome reconstitution 

Mononucleosomes (29N59 or 69N59) were assembled 
with 235 or 276 bp DNA containing the 601 positioning 
sequence (36) flanked by 29 and 59 bp or 69 and 59 bp of 
extranucleosomal DNA respectively. Dinucleosomes 
[40N(601)-31-N(603)6] were assembled with a 371 bp 
DNA containing 601 and 603 positioning sequences 
separated by a 31 -bp intervening sequence with 40 bp of 
linker DNA at the 601 end and 6 bp of linker DNA at the 
603 end (36). All three carrier DNAs contained a single 
Gal4 site in the longer linker or in the 59 bp linker 23 bp 
away from the nucleosomal edge. The carrier DNA for 
mono and dinucleosomes were prepared by PCR from 
pl59-lGal4-27 and pl59-lGal4-27-601-603 plasmid 
DNA templates respectively (31). The 5'-end of the top 
strand of the 371 -bp carrier DNA was biotinylated. 
Nucleosomes were assembled at room temperature by 
stepwise salt dialysis from 2M to lOOmM NaCl (37) 
and analyzed by 4% (35.36:1 acrylamide to bisacrylamide) 
native PAGE. 



8380 Nucleic Acids Research, 2011, Vol. 39, No. 19 



Nucleosome binding assays with competitor DNA and 
histone crosslinking 

Non-acetylated (H3 or H4) or acetylated (H3 Ac or H4 
Ac) 29N59 mononucleosomes at 10 nM final concentra- 
tion were titrated with remodeler to determine conditions 
for full binding in the absence of competitor DNA. The 
intrinsic nucleosome binding activity of TAP-RSC was 
relatively poor and ~5-8 times more RSC was used for 
complete binding of H3 or H4 nucleosomes as compared 
to FLAG purified SWI/SNF and ABr SW1/SNF 
(Supplementary Figures S2 and S3; Supplementary 
Table SI). Binding reactions of 6.3 ul were incubated at 
30° C for 30min with saturating amounts of RSC, SWI/ 
SNF or ABr SWI/SNF and 1.8-50 ng of sheared salmon 
sperm DNA competitor. The differences observed in the 
amount of remodeler bound to acetylated versus 
non-acetylated nucleosomes with increasing amounts of 
competitor DNA directly correlates to the ratio of the 
K 0 of the remodeler for acetylated versus non-acetylated 
nucleosomes. This ratio is best observed at the highest 
amount of competitor DNA in which the amount of 
bound nucleosomes can still be accurately measured with 
both types of nucleosomes. Reaction conditions were 
20 mM HEPES-NaOH (pH 7.8), 3mM MgCl 2 , 6% (v/v) 
glycerol, 70 mM NaCl and O.lug/ul BSA. Gal4-VP16 
dependent SWI/SNF binding to nucleosomes was 
achieved by including sheared salmon sperm DNA in 
the binding reaction. Gal4-VP16 was pre-bound to nucleo- 
somes at 30°C for 30 min followed by the addition of SWI/ 
SNF or ABr SWI/SNF and incubating for another 30 min. 
The binding reactions were analyzed on 4% (79:1 acryl- 
amide to bis-acrylamide) polyacrylamide native gel. 

PEAS-I 125 modified Biotin-69N59 nucleosomes (16 nM) 
were immobilized on Dynabeads and incubated with 
64 nM Piccolo NuA4 or Gcn5/Ada2/Ada3 and 42 uM 
acetyl CoA (SIGMA) at 30°C for 30 min. Reaction con- 
ditions were 50 mM Tris-HCl (pH 8), 50 mM KC1, 
0.1 mM EDTA (pH 8), 10 mM sodium butyrate, 5% 
glycerol, ImM DTT and 1 mM PMSF. The HAT 
complexes were washed off and the acetylated or 
non-acetylated nucleosomes were bound to SWI/SNF, 
UV irradiated to crosslink followed by radio-label 
transfer by disulfide reduction and finally analyzed on 
4-12% Bis-Tris SDS-PAGE (31). 

Rate of ATP hydrolysis 

The rate of ATP hydrolysis was determined either under 
conditions of saturating enzymes or nucleosomes. ATPase 
assays with saturating amounts of nucleosomes was 
carried out with 3 nM RSC or SWI/SNF or ABr SWI/ 
SNF, and 15nM H3 or H3 Ac dinucleosomes. 
Background signal was determined from samples with 
no remodeler added and any intrinsic ATPase activity 
was observed with remodeler in the absence of nucleo- 
somes. Pre-binding was performed at 30°C for 15 min 
followed by lowering to 18°C. The [y- 32 P] ATP was 
added and stopped with SDS (1.5%) and EDTA 
(50 mM). Inorganic phosphate and ATP were separated 
by thin layer chromatography on polyethyleneimine 



cellulose plate (J. T. Baker, Germany) and developed 
with 0.5 M LiCl and 0.5 M formic acid. The mean and 
standard deviation were calculated from three independ- 
ent experiments. 

Nucleosome mobilization assays 

H3 or H3 Ac mono- or dinucleosomes (10 nM) were 
bound for 15 min at 30°C with RSC, SWI/SNF or ABr 
SWI/SNF with 6ng of competitor DNA in a volume of 
6.3 ul. After addition of ATP (1 mM) reactions were 
incubated for 20 min at 30° C and stopped with 10 ug of 
sonicated salmon sperm DNA and y-thio ATP (1.2 mM). 
Samples were analyzed on either 5% high resolution (60:1 
acrylamide to bis-acrylamide) or 4% (35.36:1 acrylamide 
to bis-acrylamide) polyacrylamide native gels in 0.2 x TBE 
with pump recirculation or 0.5 x TBE. Remodeling was 
measured by quantifying the disappearance of the original 
nucleosomal band or the formation of remodeled species I 
and II during the course of the reaction. The rate of re- 
modeling was estimated with saturating amounts of RSC, 
SWI/SNF or ABr SWI/SNF as determined by gel shift 
assay (Supplementary Figure S4 and data not shown). 
After binding the enzyme with nucleosomes at 30° C for 
15 min the reaction temperature was lowered to 18 or 25°C 
and remodeling was initiated by adding ATP (4 or 55 uM). 
At regular time intervals samples were removed and 
stopped by adding 6.3 ul of sample to 2ul of a 1:1 
mixture of 10ug/ul sonicated salmon sperm DNA and 
10 mM y-thio ATP. Samples were analyzed on native 
polyacrylamide gels as mentioned in the figure legends. 
Disappearance of the original nucleosomal band or ap- 
pearance of remodeled species I and II over time was 
plotted using GraphPad (PRISM). The initial rate of re- 
modeling was estimated by fitting the data to a hyperbolic 
curve (non-linear fitting) using the Solver add-in function 
in Microsoft Excel over 1000 iterative cycles followed by 
differentiation of the curve and solving for time equals 
zero (38). The mean and standard deviation were 
estimated from two independent repeats. 

RESULTS 

Acetylated H3, but not H4, tails increase RSC and 
SWI/SNF affinity for nucleosomes 

SWI/SNF and RSC share many identical, or highly hom- 
ologous, protein subunits that are evolutionarily 
conserved across higher eukaryotes (39). A common 
domain within several subunits is the bromodomain, 
depicted in Supplementary Figure SIB. The catalytic 
subunit (Sthl or Swi2/Snf2) of both complexes has a 
single bromodomain near the C-terminus. Unlike the 
Swi2/Snf2 bromodomain, the one in Sthl when removed 
renders cells temperature sensitive and arrests the cell cycle 
resulting in cells with highly elongated buds (40^12). As 
shown in Supplementary Figure SIB, the auxiliary 
subunits Rscl, Rsc2 and Rsc4 of RSC each have two 
bromodomains (BD1 and BD2) (6,43). While, only one 
of the two bromodomains (BD2) in Rscl and Rsc2 are 
critical for RSC function, the tandem bromodomains in 
Rsc4 are essential for cell survival (6,43). It is not clear 
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how RSC remodeling activity might vary from that of 
SWI/SNF due to the former having a higher number of 
bromodomains, but we suspected these differences might 
only be observed when using acetylated nucleosomes. 

Histone N-terminal tails are acetylated at lysines 9, 14, 
18 and 23 in H3 by Gcn5/SAGA (44,45) and at lysines 5, 
8, 12 and 16 in H4 by Esal/NuA4 (46). The contribution 
of these acetylated histone tails on the recruitment and 
remodeling activities of RSC and SWI/SNF was 
analyzed using tetra-acetylated H3 and H4 nucleosomes. 

The purity of the tetra-acetylated histone octamers and 
absence of any unligated globular core of the histone 
proteins H3 and H4 are evident by analysis on a 17% 
SDS-PAGE (Supplementary Figure S1A, lanes 1 and 2). 
Although the chemically acetylated recombinant histones 
are of the same length as the non-acetylated histones and 
have the expected mass (data not shown), their mobility 
on SDS-PAGE is altered due to their acetylation 
(Supplementary Figure SI A). These octamers were subse- 
quently assembled with 601 DNA to generate nucleo- 
somes acetylated at H3 or H4 histone tails. 

We used competitor DNA in our binding assays to 
more effectively detect differences in affinity based on 
our previous experience with Gal4-VP16 recruitment of 
SWI/SNF (31). A fixed amount of RSC or SWI/SNF 
and acetylated nucleosomes with increasing amounts of 
sonicated salmon sperm DNA was used in the binding 
assays (Figure 1). Besides RSC and SWI/SNF, a version 
of SWI/SNF was used which has no bromodomain ( ABr), 
maintains complex integrity (Supplementary Figure SIC) 
and has comparable nucleosome mobilization activity 
with unmodified nucleosomes as wild type SWI/SNF 
(data not shown). Both RSC and SWI/SNF exhibited sig- 
nificant preferential binding to nucleosomes with 
acetylated H3 tail (H3 Ac) over non-acetylated (H3) 
(Figure 1A-D) in presence of competitor DNA 
(1.8-50 ng). Unlike RSC and SWI/SNF, the ABr SWI/ 
SNF mutant showed only small differences in its affinity 
for H3 Ac and H3 nucleosomes (Figure IE and F). In 
contrast to the 7- and 9-fold enhancement in RSC and 
SWI/SNF binding, ABr SWI/SNF binding affinity was 
enhanced only 2-fold with 6ng of competitor DNA 
(compare Figure ID and F) suggesting that H3 tail acetyl- 
ation mostly exerts its effect on RSC and SWI/SNF 
binding through their bromodomains. RSC and SWI/ 
SNF binding was increased equally by H3 acetylation 
which suggests that the additional bromodomains of 
RSC do not help in this regard. The difference in RSC 
or SWI/SNF affinity for H3 Ac versus H3 nucleosomes 
measured in this way is significantly greater than that 
observed in the absence of competitor DNA 
(Supplementary Figure S2 and Supplementary Table SI). 
Thus, we have found it important to conduct these 
binding experiments in the presence of competitor DNA 
to more accurately observe the preference for acetylated 
nucleosomal substrates which is otherwise not seen due to 
the high affinity of RSC and SWI/SNF for nucleosomes. 

A side-by-side comparison of RSC and SWI/SNF 
binding under identical conditions was carried out to 
delineate the effect of acetylated H4 tails. There was no 
preference for acetylated H4 over non-acetylated 



nucleosomes for RSC, SWI/SNF or ABr SWI/SNF 
(Supplementary Figure S3) and even increasing the 
amount of competitor DNA did not make a difference 
in this case (Figure 2A-D). Acetylation of H3 tails and 
not of H4 tails enhanced the binding of SWI/SNF and 
RSC to nucleosomes. 

Changes in H3 tail interactions with SWI/SNF are 
mediated by acetylation 

To understand how H3 tail acetylation enhances the nu- 
cleosome binding affinity of SWI/SNF, the effects of 
acetylation on the interactions of SWI/SNF with the H3 
tail was examined in a nucleosomal context by 
site-directed histone crosslinking and label transfer (31). 
Cysteine was incorporated into different positions in the 
histone H3 and H4 tails and coupled to a photoreactive 
reporter called I 125 -PEAS for probing the interactions of 
SWI/SNF. Specific amino acid residues that are not very 
highly conserved were selected for changing to cysteine. 
Four positions, residues 3, 7, 15 and 22, in the H3 tail were 
examined. Incorporation of cysteine at these sites did not 
alter the Gcn5 recognition motif GKXXP (47) or 
RK T / s XGX(K ac )XP R / K (48) in the H3 N-terminus and 
hence was expected not to interfere with acetylation. The 
histone tails of the photoreactive nucleosomes were 
enzymatically acetylated using yGcn5/Ada2/Ada3 
[SAGA sub-complex, primarily H3, (49)] and Piccolo 
[NuA4 sub-complex, primarily H4 and to a lesser extent 
H2A, (50,51)] to map the effects of histone acetylation on 
the interactions between SWI/SNF and H3 and H4 
histone tails (Figure 3A). The Gcn5 or Esal catalytic 
subunit alone acetylates only free histones, but the 
sub-complexes and holo complexes can efficiently acetyl- 
ate both histones and nucleosomes (32). The yGcn5/Ada3/ 
Ada2 complex preferentially acetylates lysines 18, 14 and 9 
in H3 and to a lesser extent lysine 23 (49). The PEAS 
modified nucleosomes upon acetylation by the HAT 
complexes exhibited reduced mobility in comparison to a 
non-acetylated control (Figure 3A). 

Acetylation of H3 by the yGcn5/Ada3/Ada2 SAGA 
sub-complex changed the pattern and efficiency of SWI/ 
SNF subunits crosslinked to the histone H3 tail 
(Figure 3B). H3 tail acetylation enhanced crosslinking of 
the Swi2/Snf2 subunit at H3 histone residues 7 and 22, but 
not at residues 3 or 15. While crosslinking of Arps was 
also enhanced at residues 7 and 22, the striking difference 
is that they were greatly enhanced at residue 15 upon 
acetylation. It appears that binding of the core SWI/ 
SNF complex consisting of Swi2/Snf2, Arp7 and 9 are 
generally enhanced across the region acetylated by 
yGcn5/Ada3/Ada2 (2). Binding of the Swp82 subunit 
was also increased at residues 7 and 15 of H3 upon acetyl- 
ation. Although Swp82 does not appear to be essential for 
SWI/SNF remodeling activity, it has been shown previ- 
ously to be one of only a few subunits of SWI/SNF that 
comes into close proximity to the nucleosome surface (31). 
The lower amount of Swi3 crosslinking observed at 
positions 3 and 7 was dependent on acetylation. Snf5 
and Snf6 showed reduced crosslinking to the H3 tail at 
residue 3 upon acetylation. Together, these crosslinking 
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Figure 1. H3 tail acetylation enhances the affinity of RSC and SWI/SNF for nucleosomes. Gel shift assays were performed with 80 nM RSC (A), 
16 nM SWI/SNF (C) or 13 nM ABr SWI/SNF (E) and 10 nM mononucleosomes with (H3 Ac) or without (H3) tetra-acetylated H3 tails. Samples in 
(A and C) contained increasing amounts of competitor DNA (0.25, 0.45, 0.9, 1.8, 3.6 and 7.2ng/ul in lanes 3-8 and 11-16, respectively) or no 
competitor DNA (lanes 2 and 10). Lanes 1 and 9 are nucleosomes only. In (E) the competitor DNA used was 0.45, 0.9, 1.8, 3.6ng/ul, respectively, in 
lanes 3-6 and 9-12. Quantification of the gel shift assays in (A, C and E) are shown in (B, D and F), respectively. Numbers above the bars indicate 
the ratio of H3 Ac versus H3 nucleosomes binding for that particular concentration of competitor DNA. The binding ratios are included for only 
those gel shift lanes in which we have high confidence in the quantification of each species. 



data show that acetylation by yGcn5/Ada3/Ada2 
enhances the binding of several key core subunits of the 
SWI/SNF complex to the H3 histone tail. 

Parallel experiments were conducted with I 125 -PEAS 
conjugated in the H4 histone tail at two positions, 
residues 15 and 22. Swi2/Snf2, Snf5 and Swp82 were 
found to be associated with the H4 tail at amino acid 
residues 15 and 22 (Figure 3C). No significant change in 
the SWI/SNF subunit crosslinked to the H4 tail at 
residues 15 and 22 was observed after acetylation with 
Piccolo (Figure 3C) consistent with no changes in the 
binding affinity of SWI/SNF seen in Figure 2. Together 
these crosslinking data suggest that acetylation of H3 tails 



alters the interactions of SWI/SNF with nucleosomes in a 
way specific to the H3 tail and could be the basis for the 
increased affinity of SWI/SNF for H3 Ac nucleosomes 
observed in Figure 1. 

Acetylated H3 tails promote SWI/SNF recruitment in 
synergy with transcription activators 

SWI/SNF may be targeted to specific genomic sites by 
sequence specific DNA binding transcription activators 
or H3 acetylation (52,53). It might be that both can 
function together, thereby further enhancing the affinity 
of SWI/SNF for that particular target site. SWI/SNF 
binding to H3 and H3 Ac nucleosomes was studied 
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Figure 2. H4 tail acetylation does not increase the affinity of RSC or SWI/SNF for nucleosomes. (A-F) The sections in this figure are the same as 
shown in Figure 1, except that lOnM of tetra-acetylated H4 mononucleosomes (H4 Ac) are used instead of tetra-acetylated H3 mononucleosomes. 
Un-acetylated nucleosomes are represented as H4. 



under conditions in which SWI/SNF was recruited by the 
Gal4-VP16 transcription activator to investigate how 
these two modes of SWI/SNF recruitment compare to 
each other and whether they act in parallel (Figure 4). 
Both types of nucleosomes had one Gal4-VP16 transcrip- 
tion activator binding site in the extranucleosomal DNA 
for recruitment of SWI/SNF and ABr SWI/SNF. H3 and 
H3 Ac nucleosomes were pre-bound with or without 
Gal4-VP16 and different amounts of competitor DNA 
before addition of SWI/SNF (Figure 4A). Consistent 
with the results in Figure 1, SWI/SNF bound ~10 times 
more efficiently to H3 Ac nucleosomes as compared to H3 
nucleosomes with 9ng of competitor DNA in a 
bromodomain dependent manner (Figure 4B and C; 
Figure 4D and E compare lanes 4-15). 



Similar to H3 acetylated nucleosomes, the addition of 
competitor DNA was necessary to distinguish direct 
binding versus SWI/SNF being recruited to H3 nucleo- 
somes by Gal4-VP16 (Figure 4B lanes 2-11 and 
Figure 4C). From these experiments it seems that the 
addition of competitor DNA is imperative in order to 
see the selective recruitment of SWI/SNF by either a tran- 
scription activator or H3 acetylation. The bromodomain 
of SWI/SNF was not required for recruitment by 
Gal4-VP16 (compare lanes 4 and 8 or lanes 15 and 22 in 
Figure 4D and E), but was more effective than H3 acetyl- 
ation under higher competitor DNA concentrations 
(Figure 4B compare lanes 7-11 with lanes 14-18 and 
Figure 4C). Four times more SWI/SNF was bound to 
nucleosomes with Gal4-VP16 than with H3 acetylation 
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Figure 3. Acetylation changes the interactions of SWI/SNF with the H3 histone tail. (A) Mononucleosomes coupled to photoreactive I 125 -PEAS at 
residues 3, 7, 15 or 22 in the H3 tail were acetylated by yGcn5/Ada2/Ada3 SAGA subcomplex (lanes 1-8). Other nucleosomes had I 125 -PEAS 
coupled to residues 15 or 22 in the H4 tail and were acetylated by Piccolo NuA4 (lanes 9-14). Nucleosomes were analyzed before (odd lanes) and 
after acetylation (even lanes) on a 4% native PAGE. (B) SWI/SNF subunits labeled by crosslinking at positions 3, 7, 15 and 22 of H3 were separated 
on 4-12% Bis-Tris SDS-PAGE and visualized by phosphorimaging. The quantification of these profiles are overlaid using Image Quant software 
(Molecular Dynamics) for non-acetylated and yGcn5/Ada2.Ada3 acetylated nucleosomes as shown along with the positions of the Swi2/Snf2, Snf5, 
Swp82, SWP73, Arp7/9 and Snf6 subunits of SWI/SNF. (C) The same approach as in (B) was used to determine which SWI/SNF subunits were 
crosslinked at positions 15 and 22 of H4 in non-acetylated and Piccolo NuA4 acetylated nucleosomes. 



in the presence of 27 ng of competitor DNA (Figure 4B 
compare lanes 16 and 23, and Figure 4C). The combin- 
ation of H3 acetylation and Gal4-VP16 had an additional 
1.3 to 1.7-fold increase in SWI/SNF binding relative to 
that of Gal4-VP16 alone with 27-81 ng of competitor 
DNA (Figure 4C). These data indicate that histone H3 
acetylation and the transcription activator recruit SWI/ 
SNF in parallel pathways that together have an overall 
combined effect greater than either individually. This add- 
itional stimulation in SWI/SNF binding due to H3 tail 
acetylation and Gal4-VP16 was not observed when the 
bromodomain of SWI/SNF was missing (Figure 4D). 
These results are consistent with the additive effect being 
due to the Swi2/Snf2 bromodomain binding to the 
acetylated histone H3 tail. 



H3 tail acetylation increases the rates of nucleosome 
movement and dimer displacement by RSC and SWI/SNF 
without much alteration in the rates of ATP hydrolysis 
or nucleosome disassembly 

The effect of H3 tail acetylation on nucleosome stimulated 
ATP hydrolysis by RSC and SWI/SNF was determined by 
measuring the initial rate of ATP hydrolysis. RSC, SWI/ 
SNF and ABr SWI/SNF, all hydrolyzed ATP at similar 
initial rates with H3 dinucleosomes, but H3 acetylation 
caused a ~ 1.5-1. 8 times increase for RSC and SWI/SNF 
(Supplementary Figure S5A-C and Supplementary Table 
S2). This increase in the rate of ATP hydrolysis was not 
much more than that observed for ABr SWI/SNF of 1.4 
times with H3 tail acetylation. These assays used 
saturating amounts of enzyme as determined on the 
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Figure 4. SWI/SNF recruitment by the transcription activator Gal4-VP16 and H3 acetylation. (A) The order of addition of nucleosomes, competitor 
DNA and SWI/SNF is shown for the recruitment assays in (B and D). Nucleosomes contain one Gal4 site in extranucleosomal DNA, 27 bp from the 
entry site. Gel shift assays are shown with 15 nM SWI/SNF (B) or lOnm ABr SWI/SNF (D) that had lOnM nucleosomes and 25 nM Gal4-VP16 
where indicated. H3 acetylated nucleosomes (H3 Ac) are in lanes 12-25 and nucleosomes without acetylation (H3) are in lanes 1—11, Increasing 
amounts of competitor DNA were added ranging from 0.45 to 35ng/ul for lanes 7-11 and 21-25 or from 0.45 to 1.3ng/ul for lanes 3^1 and 14-18. 
Species I, II, III and IV refer to nucleosome-Gal4-SWI/SNF, nucleosome-SWI/SNF, nucleosome-Gal4 and DNA-Gal4, respectively. Quantification 
of (B and D) are shown in (C and E), respectively, for SWI/SNF and ABr SWI/SNF binding to H3 Ac versus H3 nucleosomes with and without 
Gal4-VP16. The numbers above the bars is the ratio of H3 Ac versus H3 nucleosomes binding with or without Gal4-VP16 added. The binding ratios 
are included for those particular gel shift lanes in which each species could be accurately quantified. 



basis of the binding titration in Supplementary Figure S4, 
but the results were not significantly different when 
nucleosomes were at saturating amounts rather than 
enzymes (Supplementary Figure S6 A-C and 
Supplementary Table S3). Acetylation of H3 tails only 
modestly stimulates the ATPase activity of RSC and 
SWI/SNF in a bromodomain independent manner. 

Two types of nucleosome remodeling assays were per- 
formed to find if H3 acetylation affected nucleosome mo- 
bilization, H2A/H2B dimer displacement, or nucleosome 
disassembly by RSC and SWI/SNF in a manner distinct 
from that of the ATPase activity. The first one had com- 
petitor DNA and nucleosomes in the reaction with 
limiting amounts of enzyme; whereas, the other had 
only nucleosomes present and enzyme was in excess. 



Under these two conditions the effects of H3 acetylation 
were examined either under recruitment limiting condi- 
tions or independent of recruitment, respectively. Besides 
acetylated and non-acetylated nucleosomes, mono- and 
dinucleosomes were used to assess both nucleosome 
mobilization and disassembly activities of these 
remodelers (4). 

For conditions when competitor DNA was present, 
acetylation of H3 tails stimulated RSC and SWI/SNF 
movement of mononucleosomes by eight times or more 
at lower concentrations of remodeler (Supplementary 
Figure S7). In addition to nucleosome movement, dis- 
placement of H2A/H2B dimer and complete disassembly 
of nucleosomes by RSC and SWI/SNF was stimulated by 
H3 acetylation as shown with dinucleosomes in the 
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presence of competitor DNA (Supplementary Figures S8 
and S9). SWI/SNF lacking the bromodomain was not 
stimulated as much by H3 acetylation and indicates that 
this effect is bromodomain specific (Supplementary 
Figures S7-S9). Since these experiments were performed 
under competitive conditions where binding is limiting, 
these effects could be due to acetylation increasing the 
affinity of the remodeler. 

In order to find if histone acetylation influences the re- 
modeling activities of RSC and SWI/SNF in a manner 
other than recruitment to nucleosomes, remodeling was 
carried out with saturating amounts of SWI/SNF and 
RSC, and the initial rates of nucleosome mobilization, 
H2A/H2B displacement and nucleosome disassembly 
measured. These conditions are the same as those used 
for the first set of ATPase assays shown in 
Supplementary Figure S5 and as such can be used to 
track the initial movement in dinucleosomes along with 
the loss of one H2A/H2B dimer. Previously, the two 



remodeled dinucleosome species observed by native gel 
electrophoresis, referred to as species I and II, were 
shown to have lost one H2A/H2B dimer (species I) or 
completely lost one nucleosome (species II) (4). The 
histone dimer is lost first followed by a much slower 
step in which the entire histone octamer is lost (4). The 
same type of gel shift assay with H3 acetylated nucleo- 
somes showed that acetylation enhanced the movement 
of dinucleosomes by five times for RSC and 2.7 times 
for SWI/SNF (Figure 5, Supplementary Figure S10 and 
Table 1). No significant change in the rate of nucleosome 
movement was observed with ABr SWI/SNF and suggests 
that for SWI/SNF the bromodomain is required for 
acetylation enhanced nucleosome movement. Acetylation 
of H3 increased the rate of nucleosome movement more 
for RSC than for SWI/SNF which correlates with RSC 
having multiple bromodomains and SWI/SNF having 
only one. H2A/H2B dimer displacement by RSC and 
SWI/SNF occurred in a slower step, but was stimulated 
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Figure 5. H3 tail acetylation stimulates nucleosome mobilization in a bromodomain dependent manner. The rate of nucleosome movement by 80 nm 
RSC (A and B), 20 nM SWI/SNF (C and D), and 20 nm ABr SWI/SNF (E and F) was determined under the same conditions as in Supplementary 
Figure S5 by gel shift assay using 10 nM 601-603 dinucleosomes. (A, C and E) The concentration of mobilized dinucleosomes moved versus time was 
plotted and fitted non-linearly to the Michaelis-Menten equation using Graph Pad Prism. (B, D and F) The rate at which the first H2A/H2B dimer is 
displaced from dinucleosomes was estimated by tracking the appearance of the remodeled species I in two independent experiments. This rate was 
determined in the same way as the rate of nucleosome movement. 
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Table 1. The rates of nucleosome movement and H2A/H2B displacement of SWI/SNF and RSC with non-acetylated and acetylated H3 
nucleosomes 



Initial Rate (nM NCP/s) _R H3 Ac : ^H3 Initial Rate (nM species I/s) i? H3 Ac : ^H3 Rate Nuc slid : Rate Dimer Los5 



H3 H3 Ac H3 H3 Ac H3 H3 Ac 



RSC 2.8 x 1(T 2 1.4x10"' 5 5.1 x 1(T 3 2 x 1(T 2 4 5.5 7 

SWI/SNF 2.5 x 1(T 2 6.7 x 1(T 2 2.7 4.9 x 1(T 3 1.3 x 1(T 2 2.7 5 5 

ABr SWI/SNF 2.6 x 1(T 2 2.8 x 1(T 2 1.1 4.5 x 1(T 3 5.8 x 10" 3 1.3 5.7 4.9 



The initial rates of nucleosome movement and H2A/H2B displacement are shown for RSC, SWI/SNF and ABr SWI/SNF with excess remodeler to 
dinucleosomes. The rates of nucleosome movement and dimer displacement were determined by native gel electrophoresis as shown in Figure 5 and 
Supplementary Figure S10. The ratio of the rates with H3 tail acetylated versus non-acetylated dinucleosomes is shown for nucleosome movement 
and dimer displacement. 



similarly as nucleosome movement by H3 tail acetylation 
(Figure 5, Supplementary Figure S10 and Table 1). The 
increase in H2A/H2B dimer displacement when nucleo- 
somes are acetylated could be due to the faster rate of 
nucleosome movement observed with the dinucleosomes. 

The remodeled species II formation, however, was 
much less under the conditions of 4uM ATP and 18°C 
temperature (Supplementary Figure S10). Hence, the 
initial rate of formation of species II could not be accur- 
ately measured from these experiments. The rate of re- 
modeling was increased by changing ATP to 55 uM and 
the reaction temperature to 25° C to better observe the 
formation of remodeled species II and therefore nucleo- 
some disassembly. H3 acetylation did not significantly 
increase the rate of nucleosome disassembly by RSC or 
SWI/SNF and there was no noticeable difference between 
RSC and SWI/SNF as had been observed before with the 
rate of nucleosome movement and H2A/H2B displace- 
ment (Figures 5, 6 and Table 2). Similar assays were 
also done with tetra-acetylated H4 containing nucleo- 
somes and H4 acetylation was not found to increase the 
rate of nucleosome disassembly by ABr SWI/SNF, SWI/ 
SNF or RSC (Supplementary Figure S11A-F and 
Supplementary Table S4). Nucleosome disassembly by 
RSC and SWI/SNF is a much slower step than nucleo- 
some movement or H2A/H2B displacement and cannot be 
stimulated by H3 or H4 tail acetylation as seen in these 
experiments. 



DISCUSSION 

Histone acetylation regulates chromatin remodeling by 
SWI/SNF and RSC in two distinct ways. The first is 
that SWI/SNF and RSC are recruited to genes that are 
poised for transcription due to acetylation of the neigh- 
boring chromatin. We have found using competitive 
binding conditions that SWI/SNF and RSC is selectively 
recruited to H3 tail acetylated nucleosomes in a manner 
similar to recruitment by transcription activators such as 
Gal4-VP16 (Figure 4). The K D of RSC and SWI/SNF for 
nucleosomes is about seven to nine times greater when H3 
tails are acetylated (Figure IB and D, with 6ng of com- 
petitor DNA). In comparison the ratio of the K D of SWI/ 
SNF and ABr SWI/SNF for nucleosomes with and 
without Gal4-VP16 is 17 and 31, respectively with 
non-acetylated nucleosomes (Figure 4C and E, with 9ng 



of competitor DNA). The affinity of SWI/SNF for 
Gal4-VP16 is therefore approximately two times greater 
than for acetylated nucleosomes (Figure 4C and E, and 
9ng competitor DNA). There is evidence for two 
inter-related pathways for recruiting SWI/SNF and RSC 
to particular genomic DNA sites that involve DNA 
sequence-specific transcription factors (Figure 7). 
Particular genomic regions can be marked for RSC or 
SWI/SNF recruitment by hyperacetylation of these 
regions mediated through DNA sequence-specific tran- 
scription factors and histone acetyltransferases. The 
other pathway is the sequence-specific DNA binding 
factor directly recruiting SWI/SNF or RSC to the 
correct target site. Even in the case of the strong transcrip- 
tion activator Gal4-VP16 there is a mild synergistic effect 
when SWI/SNF is recruited through the combination of 
histone acetylation and Gal4-VP16 (Figure 4B and C). It 
is likely that this synergistic effect may become even more 
significant when the transcription activator is not as 
strong as Gal4-VP16. The recruitment of RSC by H3 
acetylation seems to be through just one of six 
bromodomains since the affinity of RSC for acetylated 
nucleosomes was equivalent to that of SWI/SNF with its 
one bromodomain (Figure 1). 

It is interesting that H3 tail acetylation caused an 
increase in the affinity of ABr SWI/SNF, although to a 
much lesser extent than when the bromodomain is present 
(Figure 1). These data suggest that there may be another 
part of SWI/SNF other than the bromodomain that might 
bind less well to acetylated H3 and yet contribute to its 
affinity for acetylated nucleosomes. On the other hand it 
could be that acetylation of H3 tails modestly increases the 
affinity of SWI/SNF for nucleosomes by disrupting the 
tail interactions with DNA. The reduced binding of tails 
to DNA could make particular domains of the nucleo- 
some more open and accessible for binding by SWI/SNF 
thereby indirectly increasing its affinity. The overall higher 
affinity of SWI/SNF for H3 acetylated nucleosomes 
observed here is likely connected to the previous observa- 
tion that H3 acetylation stabilizes the interactions of SWI/ 
SNF with nucleosomes (25). This earlier study found that 
acetylation of H4 tails by NuA4 stabilizes SWI/SNF inter- 
actions, but in our more defined system we find no 
evidence for H4 acetylation increasing the affinity of 
SWI/SNF for nucleosomes (Figure 2). Our site-directed 
crosslinking studies also showed no change in the 
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Figure 6. Nucleosome disassembly by RSC and SWI/SNF is not enhanced by H3 tail acetylation. The rate at which one nucleosome is removed 
from the 601-603 dinucleosome was determined using conditions similar to that in Figure 5, except that the ATP concentration was increased to 
55 uM and incubated at 25°C. The appearance of the second remodeled species (II) was followed by gel shift on a 4% native polyacrylamide gel for 
RSC (A), SWI/SNF (C), and ABr SWI/SNF (E). The concentration of remodeled species II formed by RSC (B), SWI/SNF (D), and ABr SWI/SNF 
(F) was plotted against time and fitted non-linearly to the Michaelis-Menten equation when using non-acetylated (H3) or H3 acetylated (H3Ac) 
dinucleosomes. 



Table 2. The rate of RSC and SWI/SNF disassembly of nucleosomes 
with H3 tail acetylated or non-acetylated dinucleosomes 





Initial Rate (nM species II/s) 


^H3 Ac'^H3 




H3 


H3 Ac 




RSC 


5.5 x 10~ 3 


6.8 x 10~ 3 


1.2 


SWI/SNF 


1.3 x 10~ 2 


2.0 x 10~ 2 


1.5 


ABr SWI/SNF 


5.1 x 10~ 3 


3.7 x 10~ 3 
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The initial rate of nucleosome disassembly was estimated in terms of 
appearance of the remodeled species II by gel shift assay for RSC, 
SWI/SNF and ABr SWI/SNF as shown in Figure 6. The ratio of the 
rates for nucleosome disassembly is shown for H3 tail acetylated versus 
non-acetylated dinucleosomes. 



interactions of SWI/SNF with the H4 tail upon acetyl- 
ation consistent with no increase in affinity (Figure 3). 
Earlier reports had shown that H3 tail acetylation only 
slightly increased the affinity of RSC for nucleosomes, 
the same as shown in our study when no competitor 



DNA is used [Supplementary Figure S2, Supplementary 
Table SI and (54)]. We have found in this study that it is 
imperative to examine the binding affinities under com- 
petitive conditions due to the high affinity of SWI/SNF 
and RSC for nucleosomes and the inability to dilute nu- 
cleosomes further without them being destablized. 

Histone acetylation also enhances the intrinsic nucleo- 
some mobilizing activities of SWI/SNF and RSC inde- 
pendent of recruitment and their ATPase activities. RSC 
and SWI/SNF remodeling was performed under full 
binding conditions so that recruitment was not a factor 
in the efficiency of nucleosome movement. Under these 
conditions acetylation of H3 and not H4 histone tails in- 
creases the rate of nucleosome movement much more than 
the ATP hydrolysis rate. The increase in the rate of nu- 
cleosome movement with acetylated H3 tails is not due to 
histone acetylation making nucleosomes more prone to 
move as shown by SWI/SNF without its bromodomain 
(ABr SWI/SNF) moving acetylated and non-acetylated 
nucleosomes at the same rate (Figure 5E and Table 1). 
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Figure 7. H3 tail acetylation modulates SWI/SNF and RSC function by distinct mechanisms. RSC and SWI/SNF recruitment occurs by two 
independent pathways mediated by some DNA sequence specific transcription factors (TF). Transcription activators recruit via direct interactions 
with SWI/SNF. Alternatively, transcription factors mediate recruitment of histone acetyl transferases (HATs) that catalyzes site-specific histone H3 
tail acetylation and leads to SWI/SNF and RSC recruitment via bromodomain-acetyl lysine interaction. Recognition of acetyl marks on H3 tails via 
their bromodomains also modulates the nucleosome remodeling function of these complexes apart from recruitment. Specifically, H3 acetylation 
facilitates nucleosome movement in nucleosomal arrays and enhances H2A/H2B displacement from neighboring nucleosomes. 



The increase in the rate of nucleosome movement 
associated with H3 acetylation required the complex to 
contain a bromodomain and was further accentuated 
when there were more bromodomains (Figure 5A 
and C). The 2-fold increase in the rate of nucleosome 
movement by RSC over SWI/SNF suggests that more 
than one of the six bromodomains in RSC are likely to 
be involved in recognizing acetylated H3 and promoting 
nucleosome movement, but not all otherwise the increase 
might be larger. One of the two bromodomains in Rsc4 
has been shown to interact with acetylated lysine 14 in H3 
and is a likely candidate along with the bromodomain of 
Sthl to be involved in recognizing acetylated H3 tails and 
stimulating nucleosome movement (55). It seems that RSC 
may be more responsive to histone acetylation than SWI/ 
SNF and likely reflects a key difference between the two 
classes of mammalian SWI/SNF that are distinguished by 
the presence or absence of the polybromo subunit 
BAF180 (PBAF and BAF). 

While histone acetylation increases the efficiency of nu- 
cleosome movement it had no effect on the nucleosome 
disassembling activities of SWI/SNF and RSC (Figure 6 
and Supplementary Figure SI 1). H3 acetylation only 
stimulates H2A/H2B dimer displacement which may be 
a direct consequence of enhanced nucleosome movement 
(Figure 7). Consistent with our current model of stepwise 
nucleosome disassembly (4) the rate of nucleosome disas- 
sembly with both RSC and SWI/SNF is much slower than 



H2A/H2B dimer displacement (Figures 5, 6, 
Supplementary Figure Sll and Table 1). H3 as well as 
H4 tail acetylation does not affect the rate limiting step 
of disrupting the H3/H4 tetramer interactions with DNA 
(Figure 6, Supplementary Figure Sll, Supplementary 
Tables S2 and S4). The tetra-acetylated H4 experiments 
were prompted by the prior observation that H4 acetyl- 
ation increased the rate of octamer transfer by RSC (54). 
Octamer transfer however appears to respond differently 
as it is stimulated by H4 tail tetra-acetylation (54) but 
nucleosome disassembly is not (Supplementary Figure 
Sll and Supplementary Table S4). 

Given that histone acetylation and bromodomains have 
direct roles not only in recruiting remodeling complexes to 
nucleosomes, but also in helping to mobilize nucleosomes 
the next step will be to find out how acetylation and 
bromodomains facilitate nucleosome movement. We feel 
it is important to point out that H3 acetylation did not 
merely increase the binding of the catalytic subunit to the 
histone H3 tail, but rather we saw, by site-directed 
crosslinking, that several of the core subunits of SWI/ 
SNF interacted more with the H3 tail after acetylation 
(Figure 3). These results suggest that acetylated H3 tail 
may cause some kind of switch in SWI/SNF and RSC 
conformation that enhances their ability to mobilize nu- 
cleosomes. When acetylated H3 tail peptide is added to 
RSC, the complex transitions from a mix of open and 
closed conformations to primarily a closed one as 
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observed by electron microscopy (56). This switch in RSC 
conformation occurred only with the acetylated and not 
the non-acetylated H3 tail and may represent a more 
active state. 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online. 
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